Steady laminar boundary layer flow and heat transfer over a thin longitudinal isothermal circular cylinder moving in a flowing stream has been studied in this paper. The cases in which the cylinder is moving in the same (parallel) or in the opposite (reverse) direction to the free stream are considered. The transformed nonsimilar boundary layer equations are solved numerically using the Keller-box method for some values of the curvature parameter, the Prandtl number and relative velocity parameter. The results show that the velocity and temperature distributions as well as the coefficients of skin friction and the local Nusselt number are appreciably affected by the relative velocity parameter.
Summary. Steady laminar boundary layer flow and heat transfer over a thin longitudinal isothermal circular cylinder moving in a flowing stream has been studied in this paper. The cases in which the cylinder is moving in the same (parallel) or in the opposite (reverse) direction to the free stream are considered. The transformed nonsimilar boundary layer equations are solved numerically using the Keller-box method for some values of the curvature parameter, the Prandtl number and relative velocity parameter. The results show that the velocity and temperature distributions as well as the coefficients of skin friction and the local Nusselt number are appreciably affected by the relative velocity parameter. 
Nomenclature

Introduction
The laminar boundary layer flow and heat transfer along the outer surface of a static circular cylinder in axial flow has been extensively studied in the past by Seban and Bond [1] , Kelly [2] , Glauert and Lighthill [3] , Stewartson [4] , and Okamura [6] , Cebeci [7] , Curle [8] , Lin and Shih [9] and Sawchuk and Zamir [10] . However, in many practical engineering systems both the cylinder and the ambient fluid are moving in parallel or reversely. Examples are in the manufacture of fibres, in glass and polymer industries. The boundary layer flow for a continuously moving cylinder in axial direction has also been studied by several authors. Sakiadis [11] produced the first study regarding the boundary layer behavior on a cylindrical surface moving in a quiescent fluid. The work of Sakiadis [11] was extended by Rotte and Beek [12] , Lin and Shih [9] , Karnis and Pechoc [13] , Choi [14] , Pop et al. [15] and Eswara and Nath [16] . The purpose of this paper is to study the general forced convection flow and heat transfer over a longitudinal thin circular cylinder, which is moving in the same (parallel) or in the opposite (reverse) direction to the free stream. In order to anaIyze the effect of both the moving cylinder and the free stream on the boundary layer new variables are introduced, which are the combination of the classical ones for the static and for the moving cylinder, respectively. The transformed equations are non-similar and they are solved numerically using the Keller-box method introduced by Keller and Cebeci [17] . Sufficient details to provide essential features of the velocity and temperature distributions from which estimates of the skin friction coefficients and local Nusselt number can be obtained. It should be mentioned that the present analysis is more general than any previous investigation.
Basic equations
We consider the steady laminar boundary layer of a viscous incompressible fluid over a long thin longitudinal circular cylinder of radius ro, moving with a constant velocity u,~ in parallel or reversely to a free stream of uniform velocity u~, as shown in Fig. 1 . Either the surface velocity or the free stream velocity may be zero but not both. It is assumed that the surface temperature of the cylinder Tw and the ambient fluid temperature T~o are taken to be constant, where Tw > T~o. It is also assumed that the radius of the cylinder is larger compared with the boundary layer thickness, so that the boundary layer curvature can be neglected. Under such assumptions and neglecting the viscous dissipation, the boundary layer equations are 0(ru) 0(rv) 
Here x and r are coordinates along the axis of the cylinder and normal to it, u and v are the velocity components along x-and r-directions, T is the temperature of the fluid, v is the kinematic viscosity and Pr is the Prandtl number. The boundary condition ofu = + uw in Eq. (4) represents the case of a cylinder moving in parallel to the free stream, whilst u = -u+ represents the case of a cylinder moving reversely to it, respectively. It is known that due to the curvature effect of the cylinder, no similarity solutions of Eqs.
(1) to (5) are available. In order to analyze the effect of both the moving cylinder and the free stream on the boundary layer flow, we introduce the following variables, similar to those suggested by Lin and Huang [18] for the corresponding problem of a flat plate. Let us first define
where the stream function, 0, is defined by
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Equations (1)--(3) are then transformed to
subject to he boundary conditions
which can be reduced to the conventional boundary conditions for a static and a moving cylinder by selling 2 = 0 and 1, respectively. The quantities of main physical interest are the skin friction and the heat transfer from the cylinder, which are given by Also, the local Nusselt number is given by Nuxqw . (16) k(rw-%)
In terms of the transformed variables, we get
where Re~ = u~x/v and 
It should be noted that Eqs. (17) and (19) are for any value of 2 except 2 = 1, whilst Eqs. (18) and (20) are for moving cylinders except 2 = 0.
Results and discussion
A finite-difference method known as Keller's box method proposed by Keller and Cebeci [17] with Newton's linearization method has been used to solve the parabolic differential equations (8) and (9) with the associated boundary conditions (10) and (11) . Since a good description of this method and its application to some boundary layer problems are given in [19] - [21] , it will not be presented here.
The accuracy of the predictive results has been established by comparison with known results. Tables 1 and 2 compare the local Nusselt number data with the results of Lin and Shih [9] obtained by the method of local similarity solutions. The agreement between these results is excellent.
Representative velocity profiles and temperature distributions versus ~/are shown in Figs. 2 to 9, exhibiting the effects of the curvature parameter 4, Prandtl number Pr and relative velocity 
11 Fig. 7 . Temperature profiles g versus q for ~ = 0.5 and Pr = 0.72; reverse moving cylinder Figures 2 and 4 show clearly a gradual conversion of the velocity profiles as the relative velocity parameter 2 increases from 0 to 1. On the other hand, it is seen from Figs. 3 and 5 that the velocity profiles first decrease as the parameter 2 increases, followed by an increase as a cross-over point is passed, when the cylinder is moving reversely to the free stream. A reverse flow region near the surface of the cylinder (at the region of small t/) can also be seen in these figures.
The non-dimensional temperature profiles are shown in Figs. 6 to 9 for the curvature parameter ~ of ~ = 0.5 and 1.5 when Pr = 0.72 (air). As can be seen from these figures, the fluid temperature increases with the increase of 2 when the cylinder is moving parallel to the free stream. However, the difference in temperature profiles is very small for the range of 2 for the case of a cylinder moving reversely to the free stream.
The variation of the skin friction coefficients is shown in Fig. 10 . We notice that when the cylinder is moving in parallel to the free stream, Ci~o ~ decreases from 0.734 2, 0.489 3, and 0.3306, respectively, to zero for ~ = 1.5, 0.5, and 0.0 (flat plate) as 2 increases from 0 to 0.5, On the other hand, Czw ~ increases from zero to 0.713 6, 0.539 4 and 0.443 respectively.
7, respectively, for ~ = 1.5, 0.5 and 0.0 (flat plate) as/l increases from 0.5 to 1.0.
values of the skin friction coefficient CI~ ~ and local Nusselt number Representative Nu ~ corresponding to a cylinder moving reversely to the free stream are given in Tables 3   and 4 for some specific values of 2 and ~ when Pr = 0.72. It is seen that C~o increases, while Nu ~ decreases as 2 increases. Further, they increase with the increase of the curvature parameter ~. The numerical results also indicate that for some values of 2 and ~ the laminar boundary layer breaks down due to the opposite moving of the cylinder and the free stream. Therefore, the convergent numerical solutions cannot be obtained beyond the values of 2 and ~ indicated in Tables 3 and 4. 
